speed of light and bring about the technological disarmament of nuclear weapons." The Air Force Systems Command budgeted $27 million for a fiveyear "Project Blackeye" to develop ground-based anti-satellite lasers and perhaps a space-based laser weapon.
But early laser technology was not up to the task. American Optical pushed neodymium-glass lasers to generate 35-J pulses, but thermal effects shattered the rods. The same happened to ruby rods when Westinghouse pushed Q-switched pulse energy to 60 to 80 J. Discouraged, ARPA scaled down its solid-state laser weapon program around 1965.
By that time, the carbon-dioxide laser was showing hints that gas lasers could reach high powers-and could conduct away troublesome heat. C. Kumar N. Patel generated 200 watts continuous wave from CO 2 at 10 μm in mid-1965. That was enough to satisfy his research needs, but it only whet the appetites of military labs, which began scaling CO 2 lasers to impractical sizes. Hughes reached 1.5 kW using a 10-m oscillator followed by a 54-m amplifier.
The real breakthrough to high-energy lasers was the gasdynamic laser, developed by Arthur Kantrowitz and Ed Gerry at the Avco Everett Research Laboratory near Boston. They knew that sustained laser power would have to reach a megawatt to damage a military target-and figured they might reach that level by drawing 0.1% of the energy from a rocket engine, which could generate a gigawatt by burning chemical fuel to generate hot CO 2 . Expanding the gas through special nozzles at supersonic speed produced a population inversion. "It was a very simple thing, but not a very efficient laser," recalled Gerry. First demonstrated in 1966, the gasdynamic laser was kept classified until 1970. By then Avco had exceeded 100 kW, although Gerry was only allowed to report 50 kW at the time.
That power level attracted interest from the armed forces, and Avco built three 150-kW gasdynamic lasers, one for each of them. Moving targets proved a challenge. When the Air Force tried to hit a drone flying figure-eight patterns, the beam locked onto a weather tower and melted it. In 1973, the laser finally shot down a weakened drone. The next step was squeezing a 400-kW gasdynamic laser into a military version of a Boeing 707 to make the Airborne Laser Laboratory. Two years after an embarrassingly public failure in 1981, it finally shot down an air-to-air missile over the Naval Weapons Center in China Lake, California. That was the end of the line for the gasdynamic laser, a monster of such size and complexity that critics called it a ten-ton watch. After the Big Demonstration Laser built by TRW exceeded 100 kW, the Navy focused its attention on chemical lasers because moist air transmits better at the 3.6-to 4.0-μm band of deuterium fluoride. In 1978, the 400-kW Navy ARPA Chemical Laser (NACL) became the first chemical laser to shoot down a missile in flight. TRW then built the first megawatt-class laser, the Mid-Infrared Advanced Chemical Laser (MIR-ACL) (Fig. 2) . The giant laser, finished in 1980, could emit 2 MW, but only for seconds at a time. Focusing that tremendous power through the air to a moving target proved an overwhelming challenge, and by the early 1980s the armed services had lost their enthusiasm for deploying laser weapons.
DARPA, renamed the Defense Advanced Research Projects Agency in 1972, had spent the 1970s trying to develop high-energy lasers at short wavelengths. Projects included x-ray, free-electron, and excimer lasers. At the end of the decade, DARPA proposed building three testbeds for testing space-based defense against a nuclear missile attack: a high-frequency laser called Alpha emitting 5 MW at 2.7 μm, a 4-m high-power space mirror called the Large Optics Demonstration Experiment (LODE), and a pointing and tracking system called Talon Gold.
Then Lockheed engineer Max Hunter proposed an even bolder plan, using that technology to build a fleet of 18 orbiting chemical laser battle stations to block a Soviet nuclear attack. He claimed that 17,000-kg satellites could carry the laser, the optics, and enough fuel to fire 1000 shots at targets at targets up to 5000 km away, and proposed launching them on the space shuttle. Senator Malcolm Wallop embraced the plan and in 1979 claimed it could be built for $10 billion.
Ronald Reagan's Strategic Defense Initiative took over the DARPA space laser projects in 1983, envisioning them as part of a multi-layer defense system designed to block a Soviet nuclear attack. SDI also poured money into plans for space-based x-ray lasers (Fig. 3) and massive ground-based free-electron lasers to be paired with orbiting relay mirrors. Most of the laser community was skeptical-to say the least-but SDI spending on optics peaked around $1 billion a year in the mid-1980s, including optics for beam direction, target tracking and other purposes, as well as highenergy lasers.
A ground-based demonstration of the Alpha laser achieved megawatt-class output in 1991, but after the end of the Cold War, most of the big high-energy laser missile defense programs faded away. They were replaced by a missile defense program that at the time seemed more realistic than orbiting laser battle stations: the Airborne Laser. The plan called for installing a megawatt-class chemical oxygen-iodine laser (COIL) in a modified Boeing 747 to defend against a few missiles launched by a "rogue state" such as North Korea. Emitting at 1.3 μm, the COIL included an adaptive optics system designed to deliver lethal power to missiles rising through the atmosphere up to a few hundred kilometers away. After falling several years behind schedule, it destroyed two test missiles in February 2010, but results fell far short of operational requirements, and the program was canceled.
Ironically, as the Airborne Laser faltered in the 2000s, dramatic advances in diode-pumped solidstate lasers opened the door to a new class of laser weapons, vehicle-mounted systems powered electrically rather than by special chemical fuels. They are designed to stop rocket, artillery, and mortar attacks by detonating the munitions in the air at ranges to a few kilometers. A key demonstration was the Joint High Power Solid State Laser (JHPSSL) (Fig. 4) , a diode-pumped neodymium-slab laser built by Northrop Grumman, which fired 100 kW continuous wave for five minutes in March 2009. More recently, the multi-kilowatt beams from several industrial fiber lasers have been combined and used to shoot down rockets.
